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Abstract 
Two types of carbon nanotube nanocomposite strain sensors were prepared 
by mixing carbon nanotubes with epoxy (nanocomposite sensor) and sandwiching 
a carbon nanotube film between two epoxy layers (sandwich sensor). The 
conductivity, response and sensitivity to static and dynamic mechanical strains in 
these sensors were investigated. The nanocomposite sensor with 2~3% wt carbon 
nanotube demonstrated high sensitivity to mechanical strain and environmental 
temperature, with gauge factors of 5~8. On the other hand, a linear relationship 
between conductivity and dynamic mechanical strain was observed in the 
sandwich sensor. The sandwich sensor was also not sensitive to temperature 
although its strain sensitivity (gauge factor of about 3) was lower as compared 
with the nanocomposite sensor. Both sensors have excellent response to static and 
dynamic strains, thereby having great potential for strain sensing applications. 
Keywords: A. Smart materials; A. Nano-structures A. Polymer-matrix 
composites B. Electrical properties; 
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1. Introduction 
Carbon nanotubes (CNTs) have excellent electrical, mechanical and 
electromechanical properties. When CNTs are incorporated into polymers, 
nanocomposites with high electrical conductivity at very low CNT contents can 
be produced. For instance, conductivities in the order of 10
-1
 S/m can be easily 
achieved with less than 0.5%wt CNT [1-3]. In addition, the conductivity of these 
nanocomposites changes with mechanical strain, providing a possibility for 
development of novel strain or damage sensors. There are several ways to make 
CNT based strain or damage sensors. For example, individual CNTs can be mixed 
with polymer to create composite sensors [4-8], integrated into other micro-
systems such as micro electromechanical systems (MEMS) [9], processed to form 
CNT films [10] and added into fibre reinforced composites to make smart 
materials [11-13]. 
In general, nanocomposite type strain sensors have high strain sensitivity, 
with up to 10 times the gauge factor of traditional metal foil strain gauges [9, 14-
17]. The relationship between conductivity and applied strain is generally linear 
under small strains (≤ 1000με) [18]. The highest sensitivity in composite type 
sensor is obtained near the percolation threshold due to the tunnelling effect 
between adjacent CNTs and decreases with further increase of carbon nanotube 
loading [4, 17, 18]. This makes the performance of composite sensors highly 
dependent on processing conditions and material properties such as CNT volume 
fraction and conductance, curing temperature, mixing rate and barrier height of 
polymer matrix [4, 19]. To some extent, the overall performance can be 
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dominated by matrix properties rather than the intrinsic characteristics of CNTs. 
For instance, nonlinear sensor response under large strains has been observed [4, 
19]. Therefore, it is necessary to develop novel sensors to reduce the possible 
impact from polymer matrix and take the advantage of the intrinsic properties of 
CNTs. On the other hand, CNT film sensors have demonstrated good response to 
mechanical strains and offered the possibility of multidirectional and multi-point 
sensing [10]. Unfortunately, their electrical characteristics are not stable due to 
the weak bonding between the CNTs and polymer via van der Waals attraction. In 
addition, these CNT films are extremely fragile and difficult to be used for 
practical applications. In addition, the influence of environmental factors such as 
temperature on the performance of CNT based strain sensors has not been well 
understood.  
In this work, we developed a new type CNT- polymer strain sensor by 
sandwiching a CNT film within polymer layers. Its electrical properties and strain 
sensing performance was investigated and compared with composite type sensors. 
Some useful conclusions were achieved in relation to temperature effect, strain 
sensitivity and sensing performance under both static and dynamic loads. 
2. Experiment 
2.1 Materials 
Chemical vapour deposition (CVD) synthesized multiwall carbon 
nanotubes (MWCNTs, Nano Carbon Technologies Corporation, Tokyo, Japan) 
with purity of higher than 99.5% were used. The typical diameter and length of 
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the pristine MWCNTs are in the range of 33~124 nm (70 nm in average) and 1.1 
to 22.5 m (average: 8.7 μm) respectively. The epoxy resin system was Araldite® 
GY191 cured with Aradur HY956. Both resin and hardener were supplied by CG 
Composites, Brisbane, Australia. Araldite® GY191 is predominantly diglycidyl 
ether of Bisphenol A (DGEBA), with Bisphenol-F epoxy resin and glycidyl ethers 
of C12-C14 alcohols as minor components. Aradur HY956 is a low viscosity 
polyamine (triethylenetetramine (TETA)) hardener. 
2.2 Sensor preparation 
The first type of sensor was made by sandwiching a CNT film between 
two epoxy layers. The epoxy layers were used to protect the CNT film that is 
generally fragile. 25 mg of carbon nanotube was dispersed in 50 ml of 
dimethylformamide (DMF) using bath sonication for 30 min. Low power bath 
sonication was employed to avoid possible damage to the carbon nanotubes. The 
carbon nanotube film was obtained by filtering the DMF solution using a 
membrane filter. The residual DMF was washed away from the film using 
deionised water, followed by drying at 80
o
C for 12h. Optical and scanning 
electron microscopy (SEM) images of the dry CNT film are shown in Fig. 1 (a) 
and (b) respectively. To fabricate the sandwich film sensor, epoxy-TETA mixture 
(4:1) was prepared and applied on an aluminium plate. The CNT film was peeled 
off from the filter and placed on the epoxy-hardener mixture. Liquid epoxy was 
then spread on the top surface of the CNT film. The sandwiched sample was 
cured at room temperature for 24 h under a pressure of 0.5MPa to ensure a 
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uniform spread of the epoxy on the CNT film. The SEM image shown in Fig. 1 
(c) reveals a CNT rich region covered with an epoxy layer. Fig. 1 (d) shows the 
sandwich sensor mounted on a brass substrate. The sandwich sensor had a 
thickness of ~120 μm. The sandwich structure is schematically illustrated in Fig. 
2 (a)  
The second type of sensor was prepared by dispersing up to 3% wt. CNT in 
epoxy using a planetary shear mixer. In general, two methods commonly used to 
disperse CNTs in epoxy, i.e., (a) shear mixing, and (b) dispersion of nanotubes in 
a solvent (acetone) and then in epoxy using sonication. Shear mixing was selected 
in this work because sonication has the potential to cause structural damage to 
the CNTs, causing degradation of their electrical properties. In addition, good 
dispersion has been achieved in the composites with the same CNT using the 
shear mixing method alone [2, 20]. First, epoxy resin and curing agent in a ratio 
of 4:1 was mixed for 30 s. Then the MWCNT was added and further mixed for 60 
s with a mixing speed of 2000 rpm. The epoxy/CNT nanocomposite films with 
thickness ~150 μm were obtained by tape casting on glass slides and cured for 24 
h at room temperature. The weight fraction of three sandwich sensor samples as 
determined by thermogravimetric analysis (TGA) was 42.3±3.6 wt. %. The 
process is schematically shown in Fig. 2 (b). Hereafter, we refer to these two 
types of sensors as sandwich and composite sensors, respectively.  
2.3 Evaluation of electrical properties and sensing performance  
The prepared sensors were cut into sheet samples (12x6 mm) for 
evaluation of the electrical properties and the sensing performance. Electrical 
resistance was measured using a digital multimeter (Agilent 34401A). The static 
strain sensing characteristics were evaluated in static tension. To examine the 
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response to dynamic strains, the sensors were attached to a cantilever beam and 
sinusoidal loads with different amplitudes and frequencies were applied to the 
beam via a shaker. The output signal from the sensors was recorded, processed 
and collected using a bridge circuit, bridge box and an oscilloscope respectively. 
The experimental set up for dynamic strain sensing is schematically shown in Fig. 
3. The relationship between the bridge output voltage E and the bridge input 
voltage V is expressed as [21], 
  (1) 
where K is the gauge factor and ε the applied strain. The gauge factor measures 
the sensitivity of the strain sensor and is expressed as the ratio of relative change 
in resistance to applied strain, i.e., 
  (2) 
Using equations 1 and 2, the resistance change can be expressed as,  
  (3) 
where ΔR is the change in resistance and Ro is original resistance. Equation 3 was 
used to evaluate the relative resistance change in these sensors. 
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To examine the temperature effect on resistivity, the sensors were placed 
in an environment chamber with humidity 63.1% and temperature varying 
between -20
o
C and 50
o
C at a heating and cooling rate of 2.5
o
C/min.  
3. Results and Discussion 
3.1 Conductivity and temperature sensitivity 
The variation of conductivity in the nanocomposites with MWCNT loading is 
shown in Fig. 4. It is clear that the addition of CNT into the polymer resin 
significantly increases the conductivity (~2 × 10-14 S/m in epoxy resin [22]) by 
up to 10-12 orders of magnitude. In general, the conductivity in a composite 
system above percolation threshold can be described by the following scaling law 
[23]:  
 tco )(    (4) 
where θ is the volume or weight fraction of the conducting filler, θc is the 
percolation threshold and t is the critical exponent. Curve fitting of the 
experimental data in Fig. 4 gives t = 2.4 ± 0.51 and percolation threshold θc = 0.5 
± 0.05. These values are similar to the values observed in other CNT/epoxy 
nanocomposites [24].  
The sensitivity to environmental temperature in the nanocomposite and 
sandwich sensors was evaluated. The glass transition temperatures (Tg) of both 
the 2 and 3% wt. CNT nanocomposites, determined using differential scanning 
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calorimetry (DSC) was 71
o
C, hence for the maximum temperature used in this 
study was set at 50
o
C. Low temperature sensitivity is generally preferred for 
practical strain sensing. As shown in Fig. 5, when temperature increases from -20 
to 50
o
C, the resistivity in the nanocomposite sensors with 2% and 3% wt. CNT 
changes up to 140% and 35%, respectively. On the other hand, only 2.5% change 
in the resistivity was observed in the sandwich sensor. For simplicity, the 2% wt. 
CNT, 3% wt. CNT composite and sandwich sensors are referred to as EP2, EP3 
and SW, respectively. For comparison, standard strain gauge was also evaluated 
and negligible resistivity change was observed in the temperature range tested. 
Therefore, the EP2 and EP3 sensors have higher temperature sensitivity as 
compared to the SW sensor. Li et al. [10] reported a slight drop of resistance 
(0.1Ω) in a pristine MWCNT film over the temperature range 273-363 K, 
indicating a temperature independent resistance response. Other studies reported a 
similar resistance - temperature response in pristine MWCNT films in the 
temperature range of 100-430 K [25] and 123-573 K [26]. The similarity between 
these reports on pristine MWCNT films and the result shown in Fig. 5 indicates 
that the polymer layers on the top and bottom of the MWCNT film in the SW 
sensors do not influence its electrical properties. In other words, the carbon 
nanotube networks formed within the film largely dominate the resistance - 
temperature response. In this case, the total resistance of the nanotube film (Rf) 
can be assumed to be the sum of individual carbon nanotube resistance, Rcnt and 
the nanotube-nanotube junction resistance Rj, i.e., 
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  (5) 
The temperature response from the CNTs can then be described using a 
modified Luttinger liquid model [27], by which the resistance change is correlated 
with the temperature in the form of R(T) = RcntT
-α
, where  is a constant. On the 
other hand, the resistance - temperature response contributed by the CNT 
junctions can be modelled using Fermi liquid model, i.e., R(T) = RjT [27]. In this 
model, the Luttinger component recognises the interaction of electrons in the 
carbon nanotubes as one-dimensional conductors. The Fermi liquid component is 
included to model the interaction of electrons at the CNT junctions, where the 
Luttinger component is expected to break down, and the CNT junctions can be 
considered as metal-metal junctions [27]. As a result, the conductive network 
within a CNT film in the sandwich sensor is considered as a series of resistors, as 
shown schematically in Fig. 6. The total resistance as a function of temperature 
can be expressed as, 
  (6) 
As shown in Fig. 7, equation 6 fits the experimental data very well, with α = 
0.14. The reported α values corresponding to individual MWCNTs and a mat 
consisting of MWCNTs are in the range of 0.36~0.95 [28] and 0.22 [27], 
respectively. The value for the sandwich sensor, i.e., 0.14 is close to the value 
corresponding to the MWCNT mat.  
cntjf RRR 
TRTRTR jcnt 
)(
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As shown in Fig. 5, the nanocomposite sensors are more sensitive to 
environmental temperature. Compared to the SW sensor, this temperature 
dependent resistivity is believed to be the influence of the polymer matrix. The 
thermal expansion coefficient of epoxy is about 7.5 × 10-5 K-1[22]. On the other 
hand, the thermal expansion of MWCNTs is in the range 0.73 – 1.49 x 10-5 K-1 
[29]. Around the percolation threshold, it has been confirmed that the resistivity 
of CNT-polymer composites is dominated by tunnelling between neighbouring 
CNTs [19]. The difference in CTEs between nanotubes and epoxy may lead to 
significant change in the tunnelling distance as the epoxy phase expands and 
contracts during the heating and cooling cycles. When temperature increases, the 
inter-tubes distance in the CNT network is increased, resulting in increase of 
resistance. A reverse process occurs during cooling. 
In summary, the resistance in EP2 and EP3 composite sensors is highly 
sensitive to temperature but the resistance in the SW sensor is almost independent 
of temperature. In the composite sensors, the CNT surface is often coated with a 
thin layer of polymer, which prevents the direct connection of neighbouring 
MWCNTs, as shown in Fig. 1 (d). This has been confirmed by the atomic force 
microscopy (AFM) observation on the plasma etched CNT-epoxy composites 
[30]. The distance between neighbouring nanotubes increases with temperature 
due to the expansion of polymer. This leads to an increase in the tunneling 
resistance, which is responsible for the higher temperature sensitivity. As 
expected, the sensitivity to temperature decreases with increasing the MWCNT 
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loading, as shown in Fig. 5. For the sandwich sensors, as illustrated by Equation 
6 and 7, the temperature response is dominated by the resistivity of nanotubes and 
nanotube-nanotube junctions. The conductive networks were formed in the CNT 
through the direct connection of individual CNTs. The polymer layers coated on 
the top and bottom of the CNT film do not significantly interfere with the CNT 
networks formed. This leads to lower temperature sensitivity in the sandwich 
sensors. The low temperature sensitivity observed in the sandwich sensor is a 
significant advantage for practical applications.  
3.2 Piezoresistivity under static loading 
The change of resistance in the sensors as a function of strain 
(piezoresistivity) is shown in Fig. 8. Three samples were tested in each case. A 
linear tensile strain - resistance response was observed in both the nanocomposite 
and sandwich sensors. For strain sensing, a high sensitivity to applied strain is 
desirable. The sensitivity is generally estimated by gauge factor (K) which relates 
the change in resistance to the external strain ε. This relationship is shown in 
Equation 2. As shown in Fig. 8, EP2 has the highest gauge factor (8.54), followed 
by EP3 (5.31), and SW (2.99). The gauge factor of a conventional metal foil strain 
gauge is 2. As compared to the composite sensors, the increased contact of the 
individual CNTs in the sandwich sensor may reduce the tunnelling effect between 
neighbouring CNTs, causing reduced strain sensitivity. In Fig. 8, there is a slight 
‘slope drop’ in the resistivity curve corresponding to about 450 με. This slope 
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drop may be associated with rearrangement of the CNT network with increase in 
strain. 
Depending on fabrication process, carbon nanotube and polymer matrix, a 
range of gauge factors have been reported in literature [4, 17, 18]. In general, 
increase of carbon nanotube content in a composite leads to a decrease of gauge 
factor. This has been confirmed in this work as a higher gauge factor is associated 
with the composites sensor with 2% CNT (EP2). It is clear that the gauge factor of 
the sandwich sensor is lower than the composite sensor but still higher than 
conventional strain gauge. Another advantage of the sandwich sensor is the lower 
sensitivity to environmental temperature as discussed above.  
3.3 Dynamic strain sensing 
The relative resistance change in the sensors attached to a cantilever beam 
subjected to dynamic loading at different frequencies and amplitudes can be also 
evaluated using Equation 3. Figures 9 (a) – (c) show the response from all 
sensors at 100 Hz. The loading cycles were accurately detected and recorded by 
the SW and the composite sensors. Obviously, the signal strength is different in 
the sensors. The highest amplitude of ΔR/Ro is associated with the 2% CNT 
composite sensor due to its high gauge factor. Similar response was observed in 
these sensors corresponding to other frequencies (50 and 200 Hz). 
The relative resistance change (ΔR/Ro) in the sandwich sensor against 
tension and compression dynamic strains at 100Hz is shown in Fig. 10. A 
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repeatable linear response to both tension and compression dynamic strains can be 
observed. In addition, the response is approximately symmetric about the origin. 
The linear fit through the origin in Fig. 10 gives an average slope of 3.13, which 
is close to the gauge factor of 2.99 obtained in the static tensile test. 
The variation of ΔR/Ro with dynamic strain in the conventional metallic 
strain gauge for sandwich and composite sensors was recorded at different 
frequencies (50 and 100 Hz), as shown in Fig. 11 (a) and (b). It is clear that a 
linear relationship exhibits between ΔR/Ro and strain in the sandwich sensor and 
the composite sensor with 3% CNT. Corresponding to the same strain, ΔR/Ro 
increases with decreasing the frequency in all sensors, especially in the sandwich 
and composite sensor with 3% CNT. The composite sensor with 2% CNT 
demonstrates a higher ΔR/Ro at the same strain level, as compared to the other 
sensors. This is attributed to the higher gauge factor (high strain sensitivity) in the 
composite sensor with 2% CNT, consistent with its performance under static 
loading. 
4. Conclusions 
Two types of CNT based strain sensors were developed by inserting a CNT 
film between two epoxy layers (sandwich sensor) and dispersing small amount (2-
3%) of CNT into epoxy (composite sensor). Based on the evaluation of electrical 
properties and sensing performance in these sensors, we found that the resistance 
of the sandwich sensor is insensitive to environmental temperature but 
temperature dependent resistance was observed in the composite sensors, 
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especially the one with 2% CNT. All sensors demonstrate excellent response to 
both static and dynamic loads. As compared to conventional strain gauge, higher 
strain sensitivity (gauge factor) is observed in these sensors, in particular the 
composite sensor with 2% CNT. A symmetric response to tension and 
compression loads is also observed in the sandwich sensor. The resistivity of the 
sandwich sensor is mainly contributed by the intrinsic resistivity of CNT and the 
CNT junctions, and its dependence with temperature can be described by a 
modified Luttinger liquid model. 
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Figure Captions 
Figure 1. (a) Dry CNT film, (b) SEM image of CNT film before coating with 
polymer, (c) SEM image of a cross section of the sandwich film, and (d) 
composite with 3% wt. CNTs. 
Figure 2. Schematic of (a) structure of a sandwich sensor,  (b) fabrication 
process of composite sensor, and (c) sensor mounted on a tensile test specimen 
Figure 3. Schematic of the experimental setup for dynamic strain sensing 
Figure 4. Change of conductivity with CNT loading in composite.   
Figure 5. Temperature versus relative resistance change in SW, EP2 and EP3 
sensors, and metallic foil strain gauge. 
Figure 6. A schematic diagram of CNT-CNT junctions showing the 
resistance of sandwich sensor.  
Figure 7. Plot of R (T)/T against temperature for the sandwich film. The 
continuous line is the fit to the experimental data using modified Luttinger model. 
Figure 8. Piezoresistivity of sandwich sensor, composite sensors with 2 and 
3% CNT, and strain gauge at 25
o
C. 
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Figure 9. Relative resistance change in (a) sandwich sensor, (b) EP2 sensor,  
(c) EP3 sensor under dynamic strain at 100Hz. 
Figure 10. Relative resistance change with dynamic strain in the sandwich 
sensor at 100Hz.  
Figure 11. Peak to peak relative resistance change against strain for sandwich 
sensor, composite with 2 and 3% CNT at (a) 100Hz and (b) 50Hz. 
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